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Ab stract
The dy namic changes in se lected heavy metal con cen tra tions were an a lyzed in two ombrotrophic peat bogs from
south ern Po land: Puœcizna Ma³a (PK) and Puœcizna Krauszowska (PM). The high est con tents of Pb and Zn oc cur at the 
top of pro files ex am ined: 115.36 mg/kg (PM1), 90.61 mg/kg (PM2), 182.40 mg/kg (PK1), 121.68 mg/kg (PK2) and
127.43 mg/kg (PM1), 89.73 mg/kg (PM2), 170 mg/kg (PK1), 130.4 mg/kg (PK2), re spec tively. Con cen tra tions of cop -
per are sim i lar to those of lo cal soils vary ing from 9.4 to 12.8 mg/kg. Cad mium strongly var ies with depth, which in di -
cates dis tinct mo bil ity of this el e ment. Two peaks of el e vated Fe con cen tra tions are ob served at the top and bot tom of
the Puœcizna Ma³a pro file, while the max i mum in Puœcizna Krauszowska was at the top of the peat bog. The Ti con tent
dis tinctly var ies with depth and cor re lates with the ash con tent (R2 = 0.91–0.99). The stron gest and pos i tive cor re la tion 
is ob served be tween Zn-Pb and Ti-Pb con tents. The sig nif i cant dif fer ences of metal con cen tra tions are noted be tween
the pro files, which is prob a bly con nected with a rate of peat ac cu mu la tion and plant com po si tion of the pro files in ves -
ti gated, as well as with their dis tur bance by hu man ac tiv ity.
Key words: heavy met als, vari abil ity, ombrotrophic peat bog
IN TRO DUC TION
Rain-fed bogs are con sid ered to be good and re li able ar -
chives of heavy metal pol lu tion (Coggins et al. 2006, Givelet
et al. 2004, Monna et al. 2004, Mar ti nez-Cortizas 2002,
Mighall et al. 2002, Kempter, Frenzel 1999, Vile et al. 1999,
Shotyk et al. 1997, Steinmann, Shotyk 1997). They are also a
good col lec tor and fil ter of air pol lut ants. How ever the be -
hav ior of met als af ter de po si tion in acidic, re duc ing en vi ron -
ment of peat bogs still re mains un clear. Some at tempts to
ex plain the phe nom e non of mo bil ity were con ducted by
Smieja-Król et al. (2010), Grybos et al. (2007), Arias et al.
(2005), Tessier et al. (1996), Twardowska, Kyziol (1996),
Schwertmann, Murad (1988), Shuman (1988), Schwertmann 
et al. (1986) and Cavallaro and McBride (1984). Smieja-
Król and co-au thors (2010) de scribed the al ter ation of el e -
ments af ter de po si tion in a tran si tional mire, which is con -
trolled by min eral dis so lu tion-pre cip i ta tion pro cesses.
Many au thors con cluded the need of use more than one
pro file for anal y sis, but there is a gen eral lack of in for ma tion
about trends of heavy metal con cen tra tions within the same
peat bog in Po land. The study of heavy metal pol lu tion in
Pol ish mires was con ducted by Bojakowska and Lech
(2008). Mean val ues of 17 el e ments were es tab lished in al -
most hun dred mires through out Po land us ing the ICP-MS
tech nique. Minerotrophic mire from the Silesian Up land was
an a lyzed by Fia³kiewicz and co-au thors (2008) and Ekono-
miuk and co-au thors (2006). Some in for ma tion about heavy
metal con cen tra tion in a 1-m pro file from the S³owiñskie
B³ota ombrotrophic peat bog, (North of Po land) was pro -
vided by De Vleeschouwer et al. (2009).
The pres ent pa per shows the pat terns of dis tri bu tions of
met als in four pro files col lected from two peat bogs from the
same re gion.
THE SITE DE SCRIP TION
The re search was car ried out on two ombrotrophic peat
bogs (Puœcizna Ma³a and Puœcizna Krauszowska) lo cated in
south ern Po land (the Orawsko-Nowotarska Ba sin). The dis -
tance be tween these two mires is about 30 km. The to tal area
of Puœcizna Ma³a and Puœcizna Krauszowska is 125 and 79
ha, re spec tively (£ajczak 2006). The ex ploi ta tion of the first
one is closed, while the lat ter one is still be ing used for do -
mes tic pur poses. Puœcizna Krauszowska is more de stroyed.
The vi cin ity of both mires is drained by nu mer ous ditches,
but Puœcizna Ma³a is al most over grown (£ajczak 2006). The
peat bogs are cov ered by plant com mu ni ties, which are typ i -
cal for ombrotrophic mires. More de tailed de scrip tion can be
found else where (Ko³aczek et al. 2010).
MA TE RIAL AND METH ODS
Three mono liths per mire (PM0, PM1, PM2, PK0, PK1,
PK2) were col lected and stored in a wooden box (Tobolski
1999) and Wardenaar corer (Wardenaar 1987). A de tailed
study and chro nol ogy of PM0 and PK0 will be pub lished in a
sep a rate pa per (Fia³kiewicz-Kozie³ and co-au thors, in prep.). 
The core sam ples for anal y sis were ob tained af ter re moval of
the top por tion of fresh peat. The cores were care fully sliced
into 1.5 cm (first 15 cm) and 3 cm pieces us ing stain less steel
knife. The air-dried sam ples were re-dried at a tem per a ture of 
105°C prior to ashing at 460°C and acid di ges tion in Tef lon
Savillex beak ers. Metal ex trac tion con sisted of two steps.
First, sam ples were treated with 65% HNO3 and 45% HF for
48 h, in 130°C, then evap o rated and treated with con cen -
trated HCl in 90°C for 24 h. To tal con cen tra tions of lead,
zinc, cad mium, cop per, iron, cal cium and ti ta nium were as -
sessed by the ICP-AOS tech nique. Bulk den sity was de ter -
mined us ing fresh ma te rial col lected with a 5 cm3 cyl in der.
The ash con tent was ex pressed as a per cent age of dry
(105°C) weight of peat sam ple. All mea sure ments were car -
ried out twice. The re sults of the ICP-AOS mea sure ments
were cal i brated with a stan dard ma te rial of low ash peat
(Yafa 2004). Mean val ues with ex tended un cer tain ties (cov -
er age fac tor of 2) were then cal cu lated. In or ganic par ti cles in
the peat sam ples were ex am ined us ing the Philips XL30 en -
vi ron men tal scan ning elec tron mi cros copy cou pled with en -
ergy dispersive spec tros copy (ESEM/EDS). The backscatte-
red elec tron de tec tor (BSE) was used for par ti cles im ag ing.
RE SULTS AND DIS CUS SION
Ash con tent, bulk den sity and min er al ogy
Bulk den sity (Ta ble 1) is an im por tant prop erty of peat,
which is used for as sess ing rates of heavy met als ac cu mu la -
tion (Givelet et al. 2004). Both in ves ti gated peat bogs are
char ac ter ized by bulk den sity val ues in the range of 0.06–
0.18 g/cm3, which are typ i cal for ombrotrophic peat bogs (De 
Vleeschouwer et al. 2009, Kempter, Frenzel 1999, Mar ti -
nez-Cortizas et al. 1997, Shotyk 1996). The stron gest vari a -
tions are ob served at the top of pro files, where den sity
cor re lates with ash con tent.
The av er age val ues of ash con tent range from 0.8% to
2% and are con sid ered as typ i cal for Sphag num-bogs. A dis -
tinct in crease up to 10.2%, 9.1%, 6.5% and 9.1% is ob served
in the up per lay ers of the mono liths (Fig. 1). The max i mum
ash val ues cor re late with higher den sity and heavy metal con -
tent. The min er al og i cal anal y sis proved the pres ence of sphe -
roi dal, of ten po rous par ti cles (Fig. 2) of anthropogenic or i gin 
in the up per peat lay ers. The fly-ash par ti cles are com posed
of Si and Al with lesser amount of K, Mg, Na, Ca and Fe. The
high con tent of sphe roi dal alumino- sil i cates to gether with
of ten found ag gre gates of such par ti cles (Fig. 3) in di cates
peat pol lu tion from coal burn ing pro cesses. Görres and Fren-
zel (1997) also de scribed the corre- lation be tween ash value,
ti ta nium and lead con tent as a re sult of in creased air pol lu tion
due to hu man ac tiv ity. The in ves ti ga tions us ing SEM also re -
vealed the pres ence of de tri tal min er als, like quartz, feld -
spars, clays as well as lesser amounts of Ti ox ides, il men ite,
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Ta ble 1
Val ues of bulk den sity (g/cm3) in the pro files ex am ined
Depth (cm) PM1 PM2 PK1 PK2
1.5 0.07 0.06 0.05 0.09
3 0.06 0.08 0.04 0.15
4.5 0.08 0.08 0.05 0.13
6 0.08 0.08 0.05 0.16
7.5 0.13 0.09 0.06 0.13
9 0.12 0.11 0.07 0.13
10.5 0.07 0.18 0.07 0.14
12 0.16 0.16 0.07 0.12
13.5 0.18 0.15 0.08 0.12
15 0.16 0.15 0.07 0.11
18 0.12 0.13 0.1 0.12
21 0.12 0.11 0.11 0.11
24 0.11 0.11 0.14 0.11
27 0.11 0.11 0.15 0.1
30 0.12 0.12 0.12 0.1
33 0.1 0.12 0.12 0.09
36 0.11 0.09 0.14 0.08
39 0.11 0.09 0.14 0.09
42 0.12 0.1 0.13 0.08
45 0.11 0.09 0.13 0.08
48 0.12 0.09 0.14 0.07
51 0.1 0.09 0.12 0.08
54 0.1 0.09 0.11 0.1
57 0.1 0.1 0.09 0.07
60 0.1 0.1 0.09 0.09
63 0.1 0.1 0.08 0.08
66 0.1 0.1 0.09 0.06
69 0.09 0.08 0.05 0.07
72 0.09 0.08 0.09 0.06
75 0.09 0.08 0.1 0.07
78 0.1 0.08 0.11 0.05
81 0.1 0.1 0.12 0.06
84 0.11 0.12 0.11 0.05
87 0.11 0.11 0.11 0.05
90 0.11 0.11 0.1
93 0.13 0.11 0.08
96 0.13 0.11 0.08









REE phos phates and zir con. Par ti cles host ing heavy met als,
of both geogenic and anthropogenic or i gin, were rare.
Dy nam ics of heavy metal con cen tra tion
The re sults of to tal con cen tra tions of Pb, Zn, Cu, Cd, Ti,
Fe, Ca are pre sented in Figs 4–10. The gen eral trend of de -
creas ing val ues with depth is no ticed, which is in good agree -
ment with the re sults from other Eu ro pean coun tries (i.e.
Bindler 2006, Mar ti nez-Cortizas et al. 2002, Shotyk et al.
1996). Lead is known to be im mo bile in peat bogs. It is a re li -
able in di ca tor of hu man im pact (Bindler 2006, Shotyk, Le
Roux 2005, Shotyk 1998, Mac Ken zie et al. 1998, Shotyk
1996). The high est con tent of lead, vary ing from 90.61 to
189.81 mg/kg, was ob served at the top of pro files (Fig. 4). In
the Pb210-dated Puœcizna Rêkowiañska mire lo cated 3 km of
Puœcizna Ma³a the high est Pb con cen tra tion was 112 mg/kg,
al most four times higher than that in soils from the sur round -
ing area (Holynska et al. 1998). De Vleeschouwer et al.
(2009) re corded 204 mg/kg in the S³owiñskie B³ota peat bog
from north ern Po land. It is in ter est ing to note that the max i -
mum val ues strongly dif fer within the in ves ti gated peat bogs. 
The high est con tent is ob served in PK1. It is the most dis tinct
pro file. The ob served changes could be linked to pos si ble
dis tur bance of this pro file and re dis tri bu tion of el e ments.
Dif fer ences in cop per con cen tra tions be tween the pro -
files are in sig nif i cant (max i mum con tent var ies from 9.4 to
12.8 mg/kg). The sur pris ingly low Cu lev els in PM and PK
are sim i lar to those in lo cal soils in spite of the cop per min ing
and smelt ing in this re gion dur ing 16th cen tury (Jost 2004).
No dis tinct vari a tions in Cu con cen tra tions oc cur with depth
(Fig. 5). In the other in ves ti gated Pol ish peat bogs, the geo -
chem i cal back ground amount ing to 9 and 18.58 mg/kg was
es tab lished (De Vleeschouwer et al. 2009, Holynska et al.
1998). The be hav ior of cop per in an acidic peat en vi ron ment
is not well un der stood, and ad di tion ally Cu dis tri bu tion pat -
tern can be in flu enced by plants, as this metal is an es sen tial
microelement for their growth.
Zinc is also a com mon el e ment of the Earth’s crust,
which is ac tively used by plants, an i mals and peo ple to sup -
port phys i o log i cal pro cesses. In the de scribed pro files an in -
crease of Zn con cen tra tion is ob served in the up per peat layer
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Fig. 1. Changes in ash con tent along depth in the pro files ex am ined.
Fig. 2. Sphe roi dal aluminosilicates. SEM (BSE). Fig. 3. Alu mi no sili cate ag gre gate of anthropogenic or i gin. SEM
(BSE).
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Fig. 4. Changes in con cen tra tion of lead along depth in the pro files ex am ined.
Fig. 5. Changes in con cen tra tion of cop per along depth in the pro files ex am ined.
Fig. 6. Changes in con cen tra tion of zinc along depth in the pro files ex am ined.
HEAVY METAL AC CU MU LA TION 21
Fig. 7. Changes in con cen tra tion of cad mium along depth in the pro files ex am ined.
Fig. 8. Changes in con cen tra tion of ti ta nium with depth in the pro files ex am ined.
Fig. 9. Changes in con cen tra tion of cal cium along depth in the pro files ex am ined.
(Fig. 6). The strong cor re la tion be tween zinc and lead was
no ticed. The Zn con cen tra tions ob tained for PM and PK
(89.73–127.43 mg/kg and 130.94–170 mg/kg, re spec tively)
are higher then those in lo cal soils (26–59 mg/kg; Holynska
et al. 1998). Slightly higher max i mum val ues (200 mg/kg
and 170 mg/kg, re spec tively) were es ti mated for Puœcizna
Rêkowiañska and S³owiñskie B³ota (De Vleeschouwer et al.
2009, Holynska et al. 1998). Dif fer ences in the max i mum
val ues could be ex plained by the fact that zinc is one of the
most mo bile and sol u ble el e ment, weakly bound to or ganic
mat ter and eas ily as sim i lated by plants. The de gree of as sim i -
la tion is linked to plant spe cies (Kabata-Pendias, Pendias
1999).
In for ma tion about cad mium in peat bogs is scarce. An
av er age con tent of cad mium in soils of Po land vary from 0.03 
to 0.22 mg/kg (Kabata-Pendias, Pendias 1999). The high est
Cd con cen tra tion (6.18 mg/kg) is ob served at the in ter val of
21–24 cm in PK1, what may in di cate some dis tur bances
within this pro file. In PM1, PM2, PK2 val ues var ied from
1.66 to 3.78 mg/kg (Fig. 5). The sim i lar value (1.9 mg/kg)
was ob served in an Irish peat bog (Coggins et al. 2006) and
1.5 mg/kg in a Span ish one (Mar ti nez-Cortizas et al. 1997).
Cad mium is a very mo bile el e ment, weakly bound to or ganic
mat ter (Vile et al. 1999, Krosshavn et al. 1993). Coggins et
al. (2006) de scribed the high est en rich ment of cad mium at
the sur face of peat pro files. The sim i lar phe nom e non was no -
ticed by Espi et al. (1997) and Steinnes (1997). The ob served
vari a tion with depth in the mono liths sam pled in di cate mo -
bil ity of this el e ment in the peat bogs ex am ined.
The ti ta nium con cen tra tion strongly cor re lates with ash
con tent (Ta ble 2). The high est val ues (127.60 mg/kg) oc cur
at a depth of 0–18 cm in PM1. In PM2 in creases of con cen tra -
tions are ob served at a depth of 0–18 cm, 78–90 cm and
93–105 cm (Fig. 8) and are in the range of 6.56–119.97
mg/kg. The high est Ti con cen tra tions are re corded in PK1 at
21–24 cm (103.92 mg/kg) and in PK2 at 4.5–6 cm (113.03
mg/kg) (Fig. 8). Ti ta nium is an in fe rior, con ser va tive el e -
ment of the Earth’s crust, and its con cen tra tion var ies from
0.03 to 1.4% (Kabata-Pendias, Pendias 1999). Com pared to
other peat bogs, the mires ex am ined ex hibit lower Ti lev els
(103.03 to 127.60 mg/kg). In Puœcizna Rêkowiañska the
high est con cen tra tion reaches 500 mg/kg, whereas the ash
con tent ex ceeds 15% (Holynska et al. 1998); the higher ash
value can be ex plained by oc cur rence of peat bog fires. For
com par i son, 374 mg/kg was found in S³owiñskie B³ota from
north ern Po land (De Vleeschouwer et al. 2009).
Cal cium is a macroelement needed for all or gan isms. A
cal cium-to-mag ne sium ra tio is used to as sess trophic sta tus
of mires. The in ves ti gated pro files are char ac ter ized by con -
cen tra tions in the range of 2526–3515 mg/kg. The con tent of
cal cium in Puœcizna Rêkowiañska is lower and equals to
1700 mg/kg (Holynska et al. 1998). All pro files ex am ined
ex hibit sim i lar trends of changes in cal cium con tent along
depth (Fig. 9). An in crease of con cen tra tion at the sur face is
con nected with ac tive plant as sim i la tion.
The con cen tra tions of iron range from 694 to 4129
mg/kg. The high est val ues were ob served at the top and bot -
tom of pro file PM1 (Fig. 10). In PM2 and PK2 the max i mum
lev els (3030 mg/kg and 4538 mg/kg) de crease with depth.
The high est con tent of iron in PK1 (3596 mg/kg) is no ticed at
the in ter val of 15–30 cm (Fig. 10). Iron is a main con stit u ent
of the Earth’s crust with a mean con cen tra tion of 5%. It is
known that iron can be used to gether with cal cium to as sess
the trophic sta tus of mires. Ombrotrophic peat bogs are cha-
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Fig. 10. Changes in con cen tra tion of iron along depth in the pro files ex am ined.
Ta ble 2
Cor re la tion be tween se lected heavy met als and peat para-
me ters. All val ues are sig nif i cant at 0.05 prob a bil ity level
PM1 PM2 PK1 PK2
Ash-Ti 0.99 0.93 0.91 0.93
Ash-Fe 0.60 0.80 0.60 0.88
Ash-Pb 0.81 0.92 0.90 0.95
Ash-Zn 0.69 0.86 0.67 0.85
Fe-Ti 0.57 0.65 0.50 0.76
Fe-Pb 0.63 0.79 0.73 0.88
Fe-Zn 0.45 0.79 0.92 0.75
Ti-Pb 0.79 0.79 0.86 0.91
Ti-Zn 0.66 0.71 0.49 0.84
Zn-Pb 0.95 0.93 0.77 0.91
Ash-D 0.41 0.44 0.63 0.89
racterized by an av er age con tent of 2000 mg/kg. In Puœcizna
Ma³a and Puœcizna Krauszowska the max i mum val ues are in
the range of 2955–4539 mg/kg. The min er al og i cal study ex -
hib its an oc cur rence of anthropogenic par ti cles of iron ox ide,
both sphe roi dal (Fig. 11) and of ir reg u lar mor phol ogy in the
peat layer show ing higher iron con cen tra tion, what in di cates
pos si ble pol lu tion by in dus try. Oval par ti cles of iron ox ides
are char ac ter ized by high mag netic sus cep ti bil ity (Strzyszcz,
Magiera 2001). In some parts of the in ves ti gated pro files
with a higher ash con tent, con cen tra tion of iron as well as
con cen tra tion of lead and zinc may show higher mag netic
sus cep ti bil ity.
Vari abil ity in con cen tra tion of heavy met als
within peat bogs
Dy nam ics of heavy metal vari a tion with depth in PM and 
PK is gen er ally sim i lar. How ever, con cen tra tions of heavy
met als de scribed above strongly dif fer be tween the in ves ti -
gated mires and pro files. Many au thors have stud ied vari abil -
ity be tween hum mocks and hol lows (i.e. Norton et al. 1997,
Shotyk 1996, Jones, Hao 1993). All the pro files were placed
within hum mocks to ob tain com pa ra ble con di tions. The ob -
served vari abil ity is prob a bly linked to an ir reg u lar growth of
peat bog and dif fer ences in plant com po si tion. Olid and
co-au thors (2010) also in ves ti gated pro files from the same
re gion (Galicia, NW Ibe rian Pen in sula) and ex plain ob -
served vari abil ity as spa tial one. They also in di cated the in -
flu ence of de gree of de com po si tion, com pac tion of mire and
el e ment up take on di verse metal con cen tra tions. Pro file PK1
from Puœcizna Krauszowska strongly dif fers from the oth ers. 
The anal y sis of ash con tent and min er al og i cal study in di cate
pos si ble per tur ba tion of this profile.
CON CLU SIONS
Strong pol lu tion of peat bogs by lead, zinc and cad mium
is ob served com par ing to lo cal soils. The gen eral trend of in -
creased con cen tra tions in the up per parts of the in ves ti gated
mono liths is no ticed. PK1 is the most dis tinct pro file, which
in di cates a pos si ble dis tur bance of this pro file and remobili-
zation of some el e ments. Sig nif i cant dif fer ences in metal
con cen tra tions are ob served be tween the pro files, linked to
the rate of peat ac cu mu la tion, com po si tion of plants in peat
bog and ex ploi ta tion by hu mans.
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